, , ZEKE spectra of propylaniline were recorded by exciting 13 vibronic levels in the S, electronic state. All ZEKE spectra show well resolved vibrational structure of the anti and gauche cations. Adiabatic ionization potentials of the anti and gauche conformations were determined to be 59 71723 cm-r (7.4040 eV) and 59 79323 cm-r (7.4134 eV), respectively. A number of ring modes as well as several low-frequency torsional and bending chain modes have been identified. Spectra demonstrate that low-frequency chain modes are sensitive to the molecular conformation. Ab initio calculations were performed to understand the nature of these low-frequency chain modes. S1 tS,-, vibronic transitions involving anti and gauche conformations. can easily be distinguished using the ZEKE method.
INTRODUCTION
Laser photoelectron spectroscopy combined with resonance-enhanced multiphoton ionization is an important tool in the study of the vibrational structure of molecular ions.l-' However, compared to optical spectroscopy, photoelectron spectroscopy (PES), which involves measuring kinetic energies of ejected photoelectrons, is a, rather low resolution method.6-'2 In the best case, resolution of 3 meV or 24 cm-l has been obtained using a time-of-flight (TOF) photoelectron analyzets~l' For larger molecular systems, where tl+e low-frequency modes and congestion associated with combrnation bands appear, the resolution of PES is inadequate to observe finer details of vibrational'structure. Recently,' zero kinetic energy (ZEKE) photoelectron spectroscopy has been developed by Miiller-Dethlefs, S&lag and co-workers.* 3'14 This method provides information similar to that of TOF laser PES but with a photoelectron energy resolution of better than 1 cmm1.15 This resolution facilitates the extraction of much new information about vibrational states in large molecular ions.
: ' In a series of investigations of fluorescence excitation spectra of jet-cooled alkylbenzenes and alkylanilines,16,17 Smalley and co-workers found that when the alkyl chain contains three or more carbon atoms then two distinct molecular conformations are observable. These conformations primarily differ in the orientation of the y carbon of the alkyl chain. In the anti conformation, the alkyl chain extends away from the ring. In the gauche conformation, it folds back toward the ring. For alkyl chains with four or more carbon atoms, additional conformations may exist. Smalley's group studied intramolecular vibrational relaxation (IVR) in excited electronic states of jet-cooled alkylbenzenes and alkylanilines by using a time-integrated fluorescence technique. r7-rg They observed broadened and congested features in the fluorescence spectra and attributed these to IVR occurring on a time scale shorter than the fluorescence lifetimes of the electronically excited molecules.
Zewail and co-workers also studied IVR of jet-cooled alkylanilines with a picosecond time-resolved fluorescence technique? Their data showed that the connection between spectral broadening *and the rate of JVR is not straightforward. In particular, they observed quantum beats in,gauche propylaniline whose time-integrated spectra were completely congested. They also showed that gauche propylaniline relaxes faster than its anti counterpart, implying that IVR depends not only on the size but also on the conformation of the molecule.
. We also studied time-dependent IVR in alkylanilines by using picosecond 'pump-probe TOF laser PES.21,22 An advantage of this method is that the time resolution is only limited by the width of the laser pulses used, and not by the rise time of our detector or associated 'electronics. We observed ttiat certain sharp peaks grow in and then fade out of our photoelectron 'spectra as the time delay between the pump and probe laser' beams is varied. Identification of these ion peaks would establish where the initially input .vibrational excitation energy flows 'to. This motivated our ZEKE study of the vibrational structure of propylaniline cation.
A ZEKE photoelectron study of a related molecule, n-propylbenzene, has recently been published by Takahashi et al.23 They recorded ZEKE spectra by exciting the origin and 6b1 vibrational levels in the S1 electronic state of anti and g?uche propylbenzene. Based on an ab initio normal mode analysis performed for the anti cation, four benzene ring modes, and several low-frequency chain modes in the anti and gauche, propylbenzene cations were identified.
Propylaniline has a total of 63 normal modes. Some are similar to the vibrational modes of aniline. In recent ZEKE studies 24-26 15 fundamental vibrations and many combination binds of aniline cation were observed and identified, providing useful background information about the ring modes of propylaniline cation. In contrast, very little information currently exists about torsional and bending motions of the alkyl tail, particularly in the ion state. With the high resolution and high signal-to-noise ratio of the ZEKE method, we are able to identify and measure these lowfrequency modes. One reason that they are particularly interesting is that their spectral activity depends on the conforrnation of. the molecule. Both fluorescence data17 and the present ZEKE spectra of propylaniline show that lowfrequency modes display considerably more activity in the gauche than in the anti conformation. In addition, these lowfrequency chain modes, together with the ring and amino modes, play an important role as IVR "bath" states. Therefore, it is important to understand these low-frequency modes in both anti and gauche propylaniline.
Conformational analysis is an essential component in the evaluation and prediction of physical and chemical properties of certain molecules. Information on ground state structure, conformations, and vibrational frequencies has been obtained by infrared, microwave, and nuclear magnetic resonance spectroscopy.27 However, equivalent information in the excited electronic and ion states is not generally available. Song et aL2' and Martinez III et aL2' used power saturation techniques to determine the number of conformations in 4-alkyl-substituted phenols present in a supersonic jet. These techniques do not directly ascertain which conformation a particular vibronic transition in the excitation spectrum is associated with. Our ZEKE propylaniline data demonstrate that vibrations of the anti and gauche conformers in the excitation spectrum can be easily distinguished and identified by the ZEKE method.
was then scanned through the threshold ionization region. ZEKE photoelectrons were produced when the probe laser was tuned into resonance with vibronic levels of the ion. Our two-color laser system consisted of two dye lasers pumped by a single XeCl excimer laser (Questek, model 2240) . A frequency doubled home-built Rhodamine 6G dye laser produced tunable light pulses of approximately 8 ns duration. This light was used for recording ionization excitation spectra and as the pump laser in ZEKE experiments. The probe laser was a Lumonics I-ID-500 dye laser that had a bandwidth of 0.1 cm-' and a temporal width of 5 ns. Excalite 376 and BPBD (Exciton) uv dyes were used in this laser.
In this paper, we present p-n-propylaniline ZEKE photoelectron spectra by exciting 13 intermediate vibrational states in the S1 state. Geometries of Sa, Sr , and ion states, as well as vibrational frequencies in the Sa and ion states have been calculated for both the anti and gauche conformations. Based on these calculations and our experimental data, as well as the earlier TOF PES and ZEKE studies of aniline, several low-frequency vibrational modes are identified. The calculations also provide insights into the activities of various modes in the ZEKE spectra. In the course of this work, the accuracy of previous measured adiabatic ionization potentials for the two conformations is improved.
The pump and probe laser beams entered the spectrometer in counterpropagating directions through fused silica windows. The former was not focused, and its energy was limited to less than 10 ruJ to minimize one-color ionization. The probe laser was focused by a 200 mm focal length quartz lens. Its energy was between 40 and 200 ,uJ depending on the dye and the exact wavelength. Although an attempt was made to maintain the probe laser energy approximately constant, it varied somewhat during each scan. All ZEKE spectra of propylaniline presented in this paper were not normalized with the laser energy. Therefore, peak intensities in the spectra are somewhat approximate. The wavelength of the pump laser was measured by a Burleigh pulsed wavemeter (Model 4500) with an accuracy better than 0.1 cm-'. The wavelength of the probe laser was measured by a spectrograph with a photodiode array. The latter was calibrated by using emission lines from neon and argon lamps, and its accuracy is about -+l cm-':
The experimental apparatus consists of a ZEKE photoelectron spectrometer, a pulsed molecular beam system and a two-color dye laser system. The spectrometer has recently been described.z6 Para-n-propylaniline (Aldrich, 97% purity) was introduced into the ZEKE spectrometer as a supersonic molecular beam, which was produced by a pulsed valve (General Valve Corp.). The pulsed valve was fired synchronously with the laser at 20 Hz. The sample was heated to 90 "C to 'obtain sufficient vapor pressure; The sample vapor* was then expanded with 6 atm of argon buffer gas through a 150 pm diameter capillary nozzle that was installed at the original orifice position of the pulsed valve. The nozzle was positioned 4 cm away from the ionization region of the spectrometer. The typical pressure in the spectrometer was 1.0X 10m5 Torr during the experiment. Ionization excitation spectra of aniline and propylaniline were recorded under these conditions. The widths of the vibronic transitions in the excitation spectra were about 2 cm-'. Using a symmetric top rotational contour simulation of the Sr-Sa 1: transition of aniline, we estimated that molecules were cooled to approximately 2 to 3 K. Propylaniline molecules were excited by both light pulses in zero electric field. After a delay time of 7 ,us, a 0.1 V/cm pulsed electric field was applied to the acceleration grids. This pulse served to both extract zero kinetic energy electrons and to field-ionize excited molecules.'4 The spectral widths of the observed ZEKE peaks are determined by the rotational contour of the jet-cooled vibrational band and the size of the field ionization voltage. The peak widths in our ZEKE spectra are typically 2 to 4 cm-' FWHM. Peak locations were measured to an accuracy of +l cm-l.
III. THEORY
Propylaniline was ionized by pump and probe laser beams. The pump laser was tuned to a particular vibrational level in the Sr electronic state. The probe laser wavelength All calculations were performed with the GAUSSIAN923o package using a 6-31G* basis set. Relative energies for the So, S r , and ion states of the anti and gauche propylaniline were computed using Hartree-Fock, single excitation configuration interaction, and unrestricted Hartree-Fock wave functions, respectively. In the ground state, three NH, orientations (bending down, bending up, and nearly coplanar with the aromatic ring) were considered. All coordinates were fully optimized. Electronic state energies and ionization potentials for both conformations are listed in Table I . The So state with the NH, bending down (away from the propyl chain) is the most stable geometry for both anti and gauche conformations. The energy difference between NH, bending down and up is 0.8 cm-' for the anti conformation and 4.4 cm-' for the gauche conformation, implying a very weak interaction between the NH, group and the propyl chain that is on the opposite side of the aromatic ring. The nearly planar configuration of the So state is the transition state for inversion of the NH, group. The barrier to planarity is 623 cm-' in the anti conformation and 621 cm-' in gauche.
In an earlier series of calculations we found that a 4-31G basis set gave the nearly planar structure as the most stable geometry and djd not find the double minimum structure. As expected, the SCF ionization energies in Table I are in error by about 1 eV due to the difference in correlation energy between the closed shell molecule and the radical cation. The UMPZ calculations with the 6-31G" basis and using the 4-31G structure gave 7.426 eV (anti) and 7.440 eV (gauche) for the ionization energies in good agreement with experiment. Figure 1 displays the geometries of the ground states for the neutral and cation of anti and gauche propylaniline. According to our calculations, the S1 and ion states have similar equilibrium geometries with the NH, group nearly in the plane of the aromatic ring. The bond length changes in the aromatic ring and the CN bond are similar to those found for aniline.% In the anti conformation of propylaniline, there is a symmetry plane perpendicular to the aromatic ring. All three carbon atoms of the propyl chain are in this plane. In the gauche conformation, the C,-CB bond is twisted out of this plane, breaking the symmetry. In addition, our calculations show that the bond that connects the aromatic ring to the a carbon ion orientation similar to that of So. As will be seen in the next section, this bond twisting between different electronic states greatly influences the activities of the chain modes in excitation and photoelectron spectra.
RHF vibrational frequencies were computed for neutral propylaniline. UHF vibrational frequencies were obtained for the cation. Our calculations have produced vibrational pictures for all 36 normal modes of aniline and 63 normal modes of propylaniline. Some propylaniline normal modes appear quite similar to those of aniline. We use the same numbers to label these propylaniline modes as we used for aniline.26 Thirty of aniline's modes are similar to those of benzene and were labeled using the convention of Varsanyi.31 The inversion mode was labeled with the letter I. The other five modes involving motion of the NH2 group were named with letters from A to E in order of increasing frequency. In prbpylaniline, some low-frequency modes mainly involve vibration of the propyl chain. They are labeled L, M, N, P and Q in order of increasing frequency. Figures 2 and 3 present pictures of the vibrational modes related to this work. Based on previous experience,32 all calculated frequencies were multiplied by an approximate correction factor of 0.9. The 20 lowest frequency normal modes in the ground states of neutral and cation propylaniline are listed in Table II .
Iv. EXPERIMENTAL RESULTS
We recorded TEKE spectra of propylaniline by exciting different vibrational levels in the S1 state. Each ZEKE spectrum is referred to by the vibrational transition from the So to S, involved in the excitation step. The label Xg signifies a transition of normal mode X from the vibrationless level of the So state to a level with n quanta in the S1 state. A com- 'v, is the vibrational energy of modes in the Sr of anti propylaniline. bar is the vibrational energy of modes in the Sr of gauche propylanihne.
--z referred to by the notation X" corresponds to ions produced vibrationally excited with n quanta of mode X.
A. Excitatid&&&rum
The ionization excitation spectrum of jet-cooled p-npropylaniline was recorded by monitoring the wavelength dependence of the total photoelectron yield in the two-step ionization process. Two portions of the excitation spectrum that are of particular relevance to this study are displayed in Figs. 4(A) and 4(B). Unlike the excitation spectrum of Vibrational transitional excited aniline, which has only one strong peak in the origin region, the spectrum in Fig. 4 (A) has a~ pair of large peaks at 33 210.6' and 33 265.8 cm-* along with several other weaker peaks. This is similar to the fluorescence excitation spectrum reported by Powers et aLI They assigned the two large peaks as the S1 origins of the gauche and anti conformers. In our earlier photoelectron study of alkylanilines,21'33 photoelectron spectra recorded by exciting these two transitions were very similar to each other and also similar to the origin photoelectron spectrum of aniline. This confirms Smalley's original interpretation that there are two conformations in the jet-cooled propylaniline. The ionization potential obtained by exciting 33 210.6 cm-' band was slightly higher than that of the 33 265.8 cm-' band. Our calculations 'show that the gauche conformation has a higher ionization potential than that of the anti conformation. Therefore,' we assigned the 33 210.6 cm-' band as the S1 origin of the gauche conformation and the 33 265.8 cm-' band as the Sr origin of the anti conformation, in agreement with Powers et a1.17 Several other relatively strong peaks in the spectrum of Fig. 4(A) are associated with excitation of low-frequency propyl chain vibrations. The assignments for these transitions are based on our normal mode calculations and on ZEKE spectra recorded by exciting these transitions. Because each ZEKE spectrum displays a u =0 ion peak and the different ionization potentials of the gauche and anti conformations are easily distinguished, the ZEKE spectrum allows us to unambiguously identify which conformation each vibronic transition in Fig. 4(A) is associated with. Detailed discussion of these assignments will be presented in the following sections. The low-frequency transitions are LA(g), M:(g), L&), L,$l!~(g), and MA(ti) as labeled in Fig. 4(A) that Powers et al. referred to our mode L as'mode C.) Figure 4 (B) shows part of the higher energy region of the propylaniline excitation spectrum. The four strongest peaks correspond to transitions Z;(g), Ii((z), l:(g), and l:(a). Transitions Z%;(g), l&h(g) are also observed in the spectrum. Congestion appears to grow in as the level of excitation in the S, state increases. Since there are many modes and combination bands in the higher energy region, a number of weaker peaks in the'spectrum remained unassigned.
B. O:(a) and O",(g) transitions
The ZEKE spectra obtained from ionizing through So+S1 origins of anti and gauche propylaniline are shown in Figs. 5(A) and 5(B). These two origin spectra are similar to our earlier propylaniline TOF photoelectron data except that the present ZEKE spectra show much better resolved vibrational structure in the cation. The first peak is the strongest one in each spectrum and corresponds to production of ZI =0 ions of each conformer. The adiabatic ionization potentials of the gauche and anti conformers are obtained,from the positions of the. u =0 peaks and are determined to be 59 79323 cm-' (7.4134 eV) and 59 71723 cm-i (7.4040 eV), respectively. These results are in good agreement with those obtained in our earlier TOF PES propylaniline experiment,33 in which the ionization potentials of the gauche and anti conformers were determined to be 7.419 to.04 and 7.410+0.04 eV, The difference between the anti and gauche ionization potentials are 76 cm-i (9 meV) in both experiments. Our calculated ionization potential values (listed in In the anti origin ZEKE spectrum shown in Fig. 5 (A), the second strongest peak is 826 cm-' from the u =0 peak and is assigned as the lr vibrational level in the anti cation. This is based on our earlier TOF photoelectron studies of aniline and propylaniline, in which the frequency of mode 1 in the ion state was 99 meV (798 cm-i) for aniline and 102 meV (826 cm-') for propylaniline. As listed in Table II , the calculated frequency of mode 1 is 784 cm-i.
The high resolution and high signal to noise ratio of the ZEKE method reveal many features as small as 0.2% of the largest peak. Although low-frequency modes and their combination bands appear with small intensities in the anti origin spectrum, they are clearly discernible. The spectrum is expanded in both vertical and horizontal directions and plotted in Fig. 6 . The u =0 and l1 peaks are off scale. In the lower energy region of the spectrum, peaks are associated with six vibrational modes labeled as L(a), M(a), N(a), lob(a), 6a(a), and Q(a) whose frequencies are 38,65,83,170,294, and 316 cm-' , respectively. Note that N1 is a very small peak on the high energy side of L2. The assignments for these low-frequency modes are based on the results of our calculation for the anti cation, that predicts the existence of six low-frequency modes with energies of 35, 67, 79, 167, 282, and 311 cm- '. In contrast to the anti origin spectrum, low-frequency modes in the gauche origin spectrum shown in Fig. 5 (B) appear with somewhat higher intensities. Peaks in the lower energy region basically correspond to combinations of the four low-frequency modes assigned as L(g), M(g), lob(g), and P(g) whose frequencies are 41,62,176, and 246 cm-', respectively, The calculation yielded frequencies for these ion modes of 39, 63, 167, and 239 cm-'. L1, L2, and L3 peaks are observed in the spectrum, the first two with relatively high intensities. Because more vibrations were active in the gauche Si+-Se spectrum than in the anti case, we scanned to higher ion energies in the gauche, ZEKE spectrum. Several intense peaks analogous to those of the aniline origin ZEKE spectrum were found in this region.g226 They appear at 821, 1224, and 1613 cm-' from the u =0 peak and are assigned as vibrational levels of 11, 9a', and 8~'. Combinations of these ring modes with chain mode L are also observed in the spectrum.
C. LA(g), L;(g), MA(g), and L&f:(g) transitions
Figures 7(A) to 7(D) display ZEKE photoelectron spectra obtained by exciting four low-frequency transitions that we had observed in the excitation spectrum. Although peak locations in these four cases are similar, their intensities vary widely. Each spectrum contains a peak corresponding to production of the u =0 gauche cation. The arrows in Figs. 7(B) and 7(D) indicate where the u =0 anti cation peak would appear. Nothing is observed in this region. This proves that these four low-frequency transitions in the excitation spectrum are all correctly assigned as gauche transitions. The other peaks in the spectrum are from' combination bands of the low-frequency modes L(g) and M(g) as labeled in Fig.  7 . The frequencies of these two modes, 41 and 62 cm-r, match the values measured in the origin spectrum. Although a Av=O propensity is usually observed in laser photoelectron spectra of aromatic molecules,9Y26'34~35 the LA(g), L;(g), and L@: (g) ZEKE spectra shown in Figs. 7(A), 7(B), and 7(D) display a Au = + 1 propensity. The strongest peak in the MA(g) ZEKE spectrum shown in Fig. 7(C) is at 62 cm-r. It is associated with the M1 level in the cation, implying a Av =0 propensity for this mode. , A barely discernible peak in the spectrum of Fig. 8 (A) corresponds to the vibrationally unexcited level in gauche cation, A strong peak at 465 cm-' in this spectrum is assigned as the 4*(g), in rough agreement with our calculated frequency of 444 cm-l. The combination band 41L1 also appears strongly. Figure 8 (B) displays an anti u =0 peak, indicating that this spectrum is indeed associated with the anti conformation. The strongest peak at'493 cm-' in this spectrum matches our calculated 4l(a) frequency of 470 cm-'. Based on the agreement between our observed and calculated frequencies, we conclude that the 448.6 and 473.2 cm-r transitions in the excitation spectrum should be assigned as 4:(g) and 4:(a).
E. 6&a), ll&?), and AI&?) transitions Figure 9 (A) displays, the ZEKE spectrum recorded by selecting, the vibrational level 295.4 cm-' energy above the anti origin in the Sr state. A peak corresponding to the u =0 level of the anti cation appears strongly in the spectrum, indicating that the intermediate vibrational state with 295.4 cm-r energy is from the anti conformer, There is no evidence of any gauche peaks in the spectrum. 295 cm-l from the u =0 peak is an intense peak that is assigned as the 6a1 level, based' on our calculated frequency 282 cm-l for anti mode 6a. We therefore assign,the SItSo transition that we have excited to generate this spectrum as 6&u). Figure 9 (B) depicts a ZEJSE spectrum obtained by exciting the vibrational level 515.6 cm-' energy above the anti origin in the S1 state. This was assigned as the G&~(a) transition by Powers et aLI7 The spectrum displays an anti v =0 peak indicating that it is obtained by ionizing from an anti vibrational level. There is no gauche u =0 peak in the spectrum. The prominent peak at 542 cm-' is assigned as 111, based on our calculations, in which mode 11 has a frequency of 527 cm-'. The lack of peaks associated with modes 6a or C suggests that the previous assignment was incorrect. Figure 9 (C) displays a ZEKE spectrum obtained by exciting a transition that is 68.2 cm-' above the anti origin in S,. There is no evidence of a g&he u =0 peak. A barely discernible peak appears at an energy corresponding to v =0 a& cations.' The two predominant peaks appear 64 and 77 cm-r above this. The former corresponds to the M'(a) level (in agreement with the peak assigned in the anti origin spectrum). Peak +fr in the anti origin spectrum has a very small intensity, implying a Au =0 propensity for this mode. This is consistent with the vibrationless level in Fig. 9(C) being very small. The strong peak at 77 cm-' is assigned to the L2 level in the cation. The L1 and combination band L 'N1 are also observed with small intensities. Because all of the peaks in Fig. 9 (C) match the low-frequency modes. in the anti origin spectrum, the vibrational transition at 33 334.0 cm-* in the excitation spectrum is conclusively assigned as an antis transition. We believe that Mi is the appropriate assignment. ducibly in the 600-1000 cm-' region, none were assignable. In a few cases pairs of peaks spaced by one quantum of mode L are observed.
The effect of IVR is also evident in the anti and gauche inversion spectra. The 1$(u) spectrum exhibits some sharp features in the energy region of 700-1100 cm-r while the f;(g) spectrum is highly congested in the same region. In our picosecond pump-probe TOF PES studies of propylaniline and butylaniline,21Y22 we found that the rate of intramolecular vibrational relaxation in the Sr state depends on the molecular conformation. Relaxation of the gauche I2 level is nearly complete within 100 ps while for the anti I2 level, the lifetime of the process is longer than a few nanoseconds. As a result, the 2 ns one-color I;(g) time-of-flight laser photoelectron spectrum appears more congested than the corresponding anti spectrum. In the present work, our laser pulse duration was about 5 to 8 ns. Therefore, the increased congestion in the gauche ZEKE spectrum relative to that in the anti spectrum was anticipated. The inversion mode is a rather unique mode in aniline and substituted anilines. Figures. 10(A) and 10(B) present the 1;(a) and Ii(g) ZEKE spectra of propylaniline, respectively. The strongest peak in the spectrum of Fig. 10(A) is associated with the I2 level in the anti cation, yielding a frequency of 1247 cm-r. The peaks at 776, 843, 949, 1131, and 1153 cm-' were not observed in other ZEKE spectra. Therefore, we have no conclusive assignments for these peaks. Nevertheless, our calculations suggest that they may correspond to the 16a2, 16a2M1, 42, 6b2, and A2 vibrational levels in the anti cation. The gauche inversion spectrum shown in Fig.  10 Previous studies of the Sr and ion states of aniline pro: vide the foundation for our interpretation of the excitation and ZEKE spectra of propylaniline. The Sr+-So origin transition of aniline appears at 34 029 cm-' while the gauche and anti propylaniline occur at 33 210.6 and 33 265.8 cm-'. The. ionization potential of aniline is 62 271 cm-r while those of gauche and an'ti propylaniline are 59 793 and 59 717 cm-r. In addition to redshifting the Sr+-So origin transition and lowering the ionization potential, the principal effect of the propyl tail is to add a number of low-frequency modes to the vibrational spectrum of aniline. The preservation of aniline's symmetry plane in the anti conformation of propylaniline tends to restrict the excitation of some of the lowfrequency modes. This is particularly evident in Fig. 5 where the gauche conformation displays considerably more torsional activity than the anti case. The lack of such a symmetry plane in the gauche conformation leads to increased activity of these modes in both Sr+--SO ,and ion +-Sr spectra.
Pictures of five low-frequency modes relevant to this work are presented in Fig. 2 . Only cation pictures are displayed since the corresponding neutral ground state pictures look similar. From these pictures, we can see-that the lowest frequency modes mainly involve torsion and bending motions of the propyl chain. Our calculations serve as a 'very useful guide for assigning these low frequency vibrational modes. One of the best examples is mode L. This mode primarily involves torsional motion of the bond that connects the ring and the tail. Since both ends of this bond are attached to heavy substituents, mode L is the lowest frequency of the torsional modes. Mode P involves a torsional motion of the C+, bond. Since one end of the bond to the ring does not move and the other end is attached to, light substituents (three hydrogen atoms), mode P has a higher .frequency than mode L. Another example is mode Q, which involves the bending of the whole tail relative to the ring. Since we did not directly excite this mode, its ZEKE assignment was not obvious. However, according to our calculations, mode Q is a symmetric mode with a frequency of 311 cm-' in the anti ion. We therefore assign the 316 cm-r peak in the anti origin ZEKE spectrum as Q'. This symmetric mode is also observed in the anti 6aA and 4; ZEKE spectra. As summarized in Table II , the calculated and experimental frequencies agree to within 5%. // Our ZEKE spectra of propylaniline can be compared with recent ZEKE spectra of propylbenzene recorded by Takahachi and Kimura.= They also found that the, degree of activity of low-frequency modes in propylbenzene is sensitive to the molecular conformation. Furthermore, our measured propylaniline frequencies are similar to those they observed. Our gauche propylaniline modes L, M, 1 Ob, and P with frequencies of 41, 62, 176, and 246 correspond to their propylbenzene modes P, Q, ,and R, and S with frequencies of 46, 73, 207 , and 252 cm-r and the distribution of peak intensities is similar. In the anti conformation, our propylaniline modes M, lob, and 6a with frequencies of 65, 170, and 294 cm-r correspond to propylbenzene modes A, B, and C with frequencies of 82, 212, and 300 cm-'. However, these low-frequency modes in propylaniline do not appear to be quite as active as Takahachi and Kimura observed for propylbenzene.
A. Excitation spectrum As with aniline, the 700 to 900 cm-' region above the origin of the propylaniline excitation spectrum is dominated by 1; and 1: transitions. The bent to planar geometry change that occurs upon electronic excitation of 'aniline leads to a strong 1; transition.26 Observation of a similarly strong Zi transition in the excitation spectrum of propylaniline implies that propylaniline undergoes an analogous geometry change. Likewise, similar ring structural changes occur in both molecules upon electronic excitation that lead to excitation of in-plane mode 1. Our calculations on propylaniline cotirm this.
Also analogous to the aniline case, each propylaniline conformation displays an intense origin transition in its excitation spectrum. 'In addition, several low-frequency vibrational transitions appear relatively strongly in the spectrum. Most of these low-frequency vibrational transitions are associated with modes L and M of the gauche conformation. Only a single transition is associated with mode M of the anti conformation. It appears that the symmetry of the anti conformation limits the activity of some low-frequency modes in the excitation spectrum. Furthermore, since the propyl chain extends away from the ring in the anti conformation, there is little interaction between the ring and the tail. Electronic structure changes in the ring are therefore not expected to affect the bond angles of the propyl chain in both Se and Sr states. Our calculations show that although the NH2 group shifts into' the plane of the ring, the geometry of the propyl chain remains the same upon electronic excitation. Therefore, both the ground and.excited electronic states retain a symmetry plane. Vibrational modes A4 and lob have A ' symmetry while modes L, N, and P have A" symmetry. Thus the. MA(a) transition in the excitation spectrum is symmetry allowed.
,In the gauche conformation, the C,-Cp and C&, bonds of the propyl chain are twisted out of the symmetry plane that existed in the anti case. The lack of symmetry enables more gauche vibrational modes to be observed in the excitation spectrum. In addition, since the propyl chain is folded back toward the ring, there is a stronger 'interaction between the chain and the, ring. As mentioned in the theoretical section, our calculations indicate that the bond connecting the ring and the propyl chain twists 4.4 deg in the transition from So to Sr. Any chain mode that involves twisting or bending of this bond, may be excited in the SltSO spectrum. As displayed in Fig. 2 , mode L mainly involves twisting of this bond. It is, therefore reasonable that"we observe mode L and its combinations with ring modes as significant features in the excitation spectrum of propylaniline. Mode L is also active in the wavelength resolved fluorescence spectrum previously recorded by exciting the Sr origin of gauche propylaniline.r7
Our ZEKE propylaniline data demonstrate that conformational assignments sssociated with vibronic structure in excitation spectra can .be unambiguously made. When a ZEKE spectrum is recorded by exciting a particular vibronic transition, the appearance of the gauche or anti u =0 peak in the ZEKE spectrum establishes the conformation that this vibronic transition must be associated with. In case the u =0 peak does not appear in the ZEKE spectrum, the conformational assignment can be determined by the frequencies of observed vibrational modes. An example of this is the M:(a) ZEKE spectrum shown in Fig. 9(C) . All of the vibronic transitions in the spectrum of Fig. 4 were assigned using these methods.
In all 13 ZEKE spectra presented here, all vibrational features in a given spectrum can be assigned to a single conformation. We deliberately scanned .to the longer wavelengths in the O:(g), L;(g), L,$W,$(g), and 4:(g) ZEKE spectra displayed in Figs. 5(B) , 7(B), 7(D),. and 8(A) to look for evidence of gauche to anti interconversion. However, no anti peaks were observed inany of these spectra. Likewise, there is no evidence of gau&e u =0 or other peaks in O",(u), 4:(u) , 6&u), llh>, and M:(u) ZEKE spectra of Figs. 5(A), S(A), 9(A)-9(C). This means that interconversion of the two conformations does not occur in the S, state on the 5 to 8 ns laser pulse time scale.
B. ZEKE spectra As with aniline, g*26 the strongest peak in each propylaniline origin spectrum corresponds to production of u =O ions. IJre prominence of the u =0 peak in each of these spectra directly reflects the similarity between the potential energy 'surfaces in the S, and ion states., In addition, as in the origin spectrum of aniline, several m-plane modes, 1, 9a and 8u, are also observed with relatively-large intensities in the origin spectra of propylaniline. The ion state of propylaniline corresponds at least partly to the removal of one of the lone pair electrons on nitrogen. The loss of this electron leads to significant ring structural changes, as observed for aniline,26 leading to modes 1, 9u, and 8u being excited. Unlike the inversion mode in the excitation spectrum, the I2 peak appears weakly in the gauche origin ZEKE spectrum. This is consistent with the Sr and ion states both being nearly planar, as indicated by our calculations.
Since the propyl chain extends away from the ring in the anti conformation, there is little interaction between the ring and the chain. Therefore, ionization does ,not affect the bond angles of the propyl chain, leading to weak excitation of the torsion and bending chain modes. These chain modes appear only very weakly in the anti origin ZEKE spectrum. On the contrary, in the gauche conformation, since the propyl chain is bent back toward the ring, there is a stronger interaction between the ring and the proRy1 chain than in the wti case. When ionization takes place, changes in the electronic structure of the ring induce slight changes in the bond angle of the propyl chain. Our calculations show that the bond between the ring and the propyl chain is twisted 314 deg from the Sr to the ion state, yielding an ion geometry very similar to that of S,. Since mode L mainly involves twisting this bond, mode L and its combinations with ring modes appear ubiquitously in ZEKE spectra of gauche propylaniline. Furthermore, in the L;(g), L:(g), and L@;(g) ZERE spectra, mode L exhibits a hv = + 1 propensity.
C. Intramolecular vibrational relaxation
The gauche' and anti 1; ZEKE spectra displayed in Figs. 10(A) and 10(B) show the effect of IVR. sharp peaks and rather limited congestion are observed in the anti Ii ZEKE spectrum, while considerable congestion and background appear in the gauche 1s ZEKE spectrum. Furthermore, the congested features in the gauche spectrum appear at an energy of '700 to 800 cm-' in the ion. This is the same effect as we previously observed in picosecond pump-probe experiments on butylaniline.Zr In that case, the 1' peak in the photoelectron spectrum was broadened as the time delay between excitation and ionization pulses increased. When gauche propylaniline is excited to its 1' level (740.8 cm-' above the Sr origin), it relaxes to some nearby vibrational levels having a similar vibrational energy. During the 5 to 8 ns of laser pulse width, considerable relaxation occurs. The excited molecules are then ionized from a distribution of relaxed vibrational levels. The Au =0 propensity leads to considerable congestion in the ZEKE spectrum at an energy corresponding to 700-800 cm-' of ion internal energy. The vibrational state density at 740 cm-' above the Sr origin was estimated using a harmonic oscillator approximation. Although we have not calculated vibrational frequencies for S1 normal modes, using either Se or ion calculated frequencies yields an estimated vibrational state density in this energy region of IS/cm-l. It is reasonable to expect mode mixing and intramolecular vibrational relaxation at this vibrational state density.
VI. CONCLUSIONS ZEKE photoelectron spectra of propylaniline demonstrate well-resolved vibrational structure for the anti and gauche cations. Adiabatic ionization potentials and energies of cation normal modes are precisely determined for the anti and gauche conformers. With the aid of calculations, we have identified several low-frequency chain modes as well as some ring modes in both conformers. Agreement between theory and experiment is sufficiently good that calculations on different conformations of the molecule are very helpful for understanding the nature of these normal modes. Vibronic transitions of different conformers can be easily distinguished through the use of ZEKE experiments. Effects of intramolecular vibrational relaxation on ZEKE spectra are observed when exciting the inversion mode in the Sr state.
